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The teehnies of Barrnett and Seligman (4) for the demonstration of alcohol
and water-insoluble, protein-hound sulfhydryl groups and for disulfide groups
(3) yield excellent histological preparations and make the demonstration of these
substances predictable and repeatable. This paper describes the distribution of
sulfhydryl and disulfide groups in human skin from different regions of the body.
All of the observations were made on biopsy specimens of normal skin fixed im-
mediately after being excised and prepared as outlined by the authors named
above. Other than the authors of the technics, only Odland (14) and Eisen et
al. (6) have applied these technics to the skin.
MATERIALS AND METHODS
Thirty biopsy specimens were collected from healthy males and females rang-
ing in age from 25 to 36 years. Specimens from the back, chest, axilla, palm, sole
and scalp were removed without anesthesia with a rotary biopsy punch 3 mm.
in diameter (15). Two biopsy specimens from the scalp were removed after the
use of local anesthesia. All tissues were fixed for 24 hours in one per cent tn-
chloroacetic acid in 80% ethyl alcohol. They were imbedded in paraffin, sectioned
at 10 ji, and stained with Barrnett and Seligman's (4) method for the demon-
stration of protein-bound sulfhydryl groups and with the method for disulfide
groups (3). Series of slides were so prepared that alternate sections were stained
for sulfhydryl and disulfide groups. Tissues treated with the method for the
demonstration of disulfide groups actually show both sulfhydryl and disuifide
groups; the sites of disulfide being determined by comparing a section so stained
with one stained only for sulfhydryl groups. In either case, the color reaction is
the same; a pink or red color indicates sparse, widely-separated sulfhydryl and/or
disulfide groups, the blue color indicates these substances in a more concentrated
form. The intensity of the reds or blues ranges from pale to very dark, and indi-
cates the degress of concentration. From each specimen sections were also
stained routinely \vith hematoxylin, toluidin blue, or other basic dyes for the
demonstration of the keratohyalin and trichohyalin granules.
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OBSERVATIONS
The Epidermis
A. Sulfhydryl groups. In human skin taken from different regions of the body,
the distribution and concentration of sulfhydryl and disulfide groups are similar,
except for the palm and sole which will be treated separately. With the method
for sulfhydryl groups alone, the epidermis is colored a homogeneous pinkish
blue from the cells of the basal layer to those of the stratum granulosum. The
cytoplasm of the cells in the stratum granulosum is stained a pale pink but the
keratohyalin granules remain unstained. In some regions, aad particularly in
the scalp and in the axilla, there is a narrow band of parakeratotic cells which
separates the stratum granulosnm from the stratum corneum and which stains
pink or blue (fig. 1). In the nuclei of the epidermal cells only the nucleoli are
stained blue, the rest remaining unstained. In the dermoepidermal junction, the
cytoplasmic processes of the cel]s in the stratum basale which extend into the
upper portion of the papillary layer of the corium (12) are reactive for sulfhydryl
groups. The intercellular bridges and the nodes of Bizzozero are moderately
reactive.
In the epidermis of the palms and soles (fig. 2) the Malpighian layer stains
pinkish blue, the stratum lucidum stains blue, and the stratum corneum stains
pink or light blue. In the stratum granulosum the cell walls stain blue, the cyto-
plasm pink, and the keratohyalin granules remain unstained. The walls of the
cells in the stratum lucidum stain blue and the cytoplasm a pale blue. In the
thick stratum corneum the cell valls stain blue but the cytoplasm is either un-
stained or it stains pale pink. The basal cytoplasmic processes of the cells in the
stratum basale are particularly well developed and they are strongly reactive.
When these preparations are studied under the phase contrast microscope, the
intercellular bridges and the nodes of Bizzozero are brought out sharply, and the
tonofibrils are seen sweeping from cell to cell by way of the intercellular bridges.
B. Disulfide groups. With the exception of the stratum corneum which is
strongly reactive for disulfides, the preparations resemble those which were
PLATE I
EXPLANATION OF FIGURES
FIG. 1. Epidermis from the axilla showing the distribution of sulfhydryl groups. Observe
particularly the reactive band between the stratum granulosum and the stratum corneum.
Keratohyalin granules are unreactive.
FIG. 2. Epidermis from the palm showing the distribution of sulfhydryl groups. Number
1 indicates the stratum corneum, number 2 the stratum lueidum, number 3 the stratum
granulosum and number 4 the stratum spinosum. Observe the strong reaction particularly
in number 2, the stratum lueidum.
FIG. 3. Basal portion of the epidermis of the palm showing the distribution of disulfide
groups. Note the delicate cytoplasmic processes which project downward from the stratum
basale.
Fic. 4. Epidermal cells in a preparation for disulfide groups, viewed under the phase
contrast microscope. Observe the reactive tonofibrils, intercellular bridges, and nodes of
Bizzozero.
SULFHYDRYL AND DISULFIDE GROUPS IN SKIN 25
PLATE I
--
-
.—
-
_.-..t_l.-- -—
'N
26 THE JOURNAL OF INVESTiGATIVE DERMATOLOGY
stained only for sulfhydryl groups indicating the relative absence of the former.
In the epidermis the stratum germinativum from the basal layer to the stratum
granulosum stains a moderately intense reddish blue. The cells in the stratum
granulosum stain a faint blue but the keratohya]in granules remain unstained.
The thin parakeratotic layer above the stratum granulosum stains a dark blue
and the stratum corneum a pinkish blue. The cytoplasmic processes on the lower
side of the cells of the basal layer (fig. 3), the intercellular bridges, the nodes of
Bizzozero, and the tonofibrils are all more reactive than for sulfhydryl groups
alone.
The epidermis of the palms, soles, and heels stains more intensely than the
general surface epidermis. The entire stratum germiiiativum stains a deep red-
dish-blue. The wall of the cells in the stratum granulosum is stained blue or red
and the cytoplasm, including the keratohyalin granules, remains unstained.
In the stratum lucidum and the stratum corneum the cell walls stain blue and the
cytoplasm reddish-blue. Occasionally, the entire stratum lucidum is stained a
delicate blue color. The cytoplasmic rootlets of the cells in the stratum basale are
strongly reactive for disulfide groups. The tonofibrils, the intercellular bridges
and the nodes of Bizzozero are all strongly reactive (fig. 4).
THE HAIR FOLLICLE
A. Sulfhydryi groups. The distribution of sulfhydryl groups in human hair
follicles is very similar to that in the follicles of the mouse and guinea pig (6).
The external sheath is strongly and uniformly reactive for sulfhydryl groups,
staining a pinkish blue from the bulb of the follicle to the surface epidermis
(fig. 5). The cells in the basal layer of the external sheath have delicately stained
cytoplasmic processes which push through the unreactive glassy membrane.
Intercellular bridges and nodes of Bizzozero are stained moderately well, particu-
larly in the middle third of the follicle. In the internal sheath, Henle's layer is
more strongly reactive than Huxley's layer (figs. 6 and 7). In the regions of the
bulb, the cells which comprise Henle's layer stain a light blue. Further up in the
follicle as this layer becomes keratinized it stains red. Huxley's layer stains a
light bluish-pink throughout, but the trichohyalin granules are completely un.
PLATE II
EXPLANATION OF FIGURES
All of the preparations in this plate demonstrate sulfhydryl groups.
FIG. 5. Actively growing hair follicle from the scalp. The follicle is cut slightly tangen-
tially. Observe particularly the strongly reactive keratogenous zone (marked X). The dark
color in the bulb is due to melanin.
Fic. 6. Enlarged detail of the upper portion of the keratogenous zone of the hair follicle
in Figure 5.
Fro. 7. Enlarged detail of the lower portion of the keratogenous zone of the follicle in
Figure 5. The fibrillar nature of the strongly reactive keratogenous zone can be seen clearly.
Henle's layer is more strongly reactive than Huxley's layer. In Huxley's layer the vacuole-
like trichohyalin granules are completely unreactive.
FIG. 8. Sulfhydryl groups in resting hair follicle from the axilla.
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stained. The cuticle of the internal sheath stains a bright red. The cuticle of the
cortex stains blue along its entire length even on that part of the hair which
extends beyond the epidermis.
In the bulb, the cells of the matrix stain a light reddish-blue. The color be-
comes progressively more intense as the cells ascend to the root of the hair and
becomes dark blue in the keratogenous zone of the cortex (fig. 5). The blue of
the keratogenous zone disappears suddenly in the keratinized portion of the
hair shaft (fig. 6). The color of the zone is actually due to bundles of blue staining,
closely packed, parallel fibrils which are particularly evident in its lower portion
(fig. 7). The cells of the fragmental medulla of the hair stain a pinkish blue to
about midway in the follicle. The glassy membrane on the outside of the external
sheath is unreactive, but the connective tissue sheath has reactive streaks here
and there and all of its cells are stained pink or blue. The dermal papilla stains
a light pink. The arrectores pilorum muscles stain dark blue.
In the sebaceous glands, the indifferent epidermal cells in the ducts and in
the periphery of the sebaceous acini stain blue. The cytoplasm between the lipid
vacuoles in the differentiated sebaceous cells is stippled with blue granules and
the mature sebaceous cells in the center of the acini show practically no reaction.
In resting hair follicles (fig. 8), the thick epithelial sac which contains the hair
club stains pinkish blue. The club itself is unreactive except for a few blue streaks
which run parallel to its long axis. Between the keratinized club and the cells
of the epithelial sac there is a heavy blue-staining band made up by the brush-
like processes of the club, and the partially keratinized cells which surround
them. The epithelial peg, the so-called "hair germ," which extends from the
bottom of the epithelial sac to the resting dermal papilla stains a light pink.
B. Disulfide groups (fig. 9). The cells of the external root sheath, hair bulb,
and sebaceous glands stain blue. The basal cells of the external sheath in the
middle region of the follicle show cytoplasmic processes which seem to pass
across the glassy membrane. Henle's layer stains a bright blue, Huxley's layer
stains less intensely, and the trichohyalin granules remain unstained. The cells
of the cuticle of the internal sheath show no change in coloration from those in
preparations showing only sulfhydryl groups. The cortex of the hair stains a deep
PLATE III
EXPLANATION OF FIOURNS
Fro. 9. Distribution of disulfide groups in an active hair follicle from the scalp. Compare
with figure 5.
FJG. 10. Resting hair follicle with club hair from the axilla prepared to show the dis-
tribution of disulfide groups. Observe particularly the band of reactive substance immedi-
ately around the keratinized processes of the brush-like club hair. Section lOu removed
from FigureS.
Fm. 11. Distribution of disulfide groups in eccrine sweat glands from the axilla. The most
intense reaction is localized in the myoepithelial cells couched between the basement mem-
brane, which appears mildly reactive in this preparation, and the secretory cells.
Fm. 12. Disulfide groups in the terminal portion of the duct of an eccrine sweat gland
from the axilla.
SIJLFHYDRYL AND DISTJLFIDE GROUPS IN SKIN 29
PLATE III
/ ( a 
30 THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
blue throughout its length. The dermal papilla stains a moderate bluish red.
Mast cells in the surrounding dermis show strongly reactive granules.
In resting hair follicles, the keratinized hair club is moderately reactive
(fig. 10). The distribution of the reaction in the other structures is similar to that
of sulfhydryl groups.
THE APOCRINE SWEAT GLANDS
A. Sulfhydryl groups. There is a moderate amount of sulfhydryl reaction in
the cells of the secretory tubules and in those which line the excretory ducts.
The myoepithelial cells are strongly reactive. The cuticle of the excretory ducts
is lightly reactive. The basement membrane is unreactive.
B. Disulfide groups. As in preparations for sulfhydryl groups both the secre-
tory and ductal portions are reactive. The reaction is particularly conspicuous in
the myoepithelial cells. The cuticle of the excretory ducts is strongly reactive.
In the pores of the ducts the thick cuticle is moderately reactive.
THE ECCRTNE SWEAT GLANDS
A. Sulfhydryl groups. In all preparations the secretory cells are weakly reac-
tive throughout the tubule with no preferential distribution of sulfhydryl groups
in the light and dark cells. The myoepithelial cells are more strongly reactive
(fig. 11). The excretory duct is weakly reactive and the cuticle is moderately
reactive.
B. Disulfrde groups. The secretory cells are moderately reactive but the myo-
epithelial cells show a strong concentration. The cells of the duct stain like those
of the secretory portion and the cuticle is intensely reactive (fig. 12).
DISCUSSION
Although the aim of this study is primarily to present a description of the
localization of thiol groups and disulfide groups in normal human skin, some of
these observations deserve comment.
The thin layer of cells interposed between the stratum granulosum and the
stratum corneum, reported previously in the skin of man (11), the mouse and
guinea pig (6), is composed of partially keratinized cells which still have a visible
nucleus, and which must be considered parakeratotic. Similar to other para-
keratotic regions (6), this layer contains appreciable amounts of sulfhydryl
groups and is comparable to the so-called "keratogenous zone" of hard keratiniza-
tion (7, 8). Sulfhydryl groups have been found concentrated wherever parakera-
totic epidermal cells are present (6). Heavy concentrations of sulfhydryl groups,
therefore, cannot be considered to be indicative only of "hard" keratinization (8).
Sulfhydryl and disulfide groups were demonstrated neither in the keratohyalin
nor in the trichohyalin granules (cf. Barrnett, 2). If the assumption is correct
that during keratinization sulfhydryl groups are oxidized to disulfide groups,
then it is difficult to assess the role which these granules play in the process of
keratinization. On the other hand, it is not surprising to find sulfhydryl groups
in the stratum corneurn of all the epidermis studied since previous investigations
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have found it in the skin of man (11, 17), the rat (2), and the mouse and guinea
pig (6).
The technics used in this investigation are particulaily good for the demonstra-
tion of cellular structures in the epidermis. The cytoplasmic processes in the
lower surface of the cells of the stratum basale, the intercellular bridges, and the
nodes of Bizzozero, being reactive to both the sulfhydryl and disulfide technics,
are very clearly demonstrated. The clarity of these preparations can be further
enhanced with the aid of the phase contrast microscope. In the cytoplasm of epi-
dermal cells both of these substances appear to be localized along the tonofibrils.
It has been fashionable to consider these structures fixation artifacts, a belief
recently strengthened by the failure of electron microscopists to demonstrate
them successfully (14, 1, 9). Yet, in all well-fixed tissues, they are revealed with
a variety of histological technics. Montagna et al. (13) have shown that even
glycogen, when present in epidermal cells, is aligned in such a way as to resemble
tonofibrils. Structures similar to intercellular bridges and tonofibrils in living,
human epidermal cells have been demonstrated by Levis et al. (10), presenting
evidence against the claims that these are fixation artifacts. The similarity in
X-ray diffraction pattern, the alpha pattern, between the keratinized and non-
keratinized epidermis, is apparently due to tonofibrils (8). Finding both sulf-
hydryl and disulfide groups associated with the toaofibrils makes the concept
that they are the precursors of keratin more credible.
SUMMARY
1. In the epidermis, sulfhydryl and disulfide groups are distributed hornoge-
aeously from the basal layer to the stratum granulosum. The stratum eorneum,
which is slightly reactive in the sulfhydryl preparation is strongly reactive in
disulfide preparations. A narrow, parakeratotic layer of cells interposed between
the stratum granulosum and stratum corneum contains a concentration of
sulfhydryl and disulfide groups. This layer is comparable to the so-called "kerat-
ogenous zone" in "hard" keratinization. In the epidermis of the palm and sole,
the accumulation of sulfhydryl and disulfide groups is more intense than that
ia the skin elsewhere in the body. The basal cytoplasmic processes which extend
from the lower side of the cells in the stratum basale, the intercellular bridges,
the nodes of Bizzozero, and the tonofibrils are all reactive for sulfhydryl and
disulfide groups. Sulfhydryl and disulfide groups were demonstrated neither in
the keratohyalin nor in the triehohyalin granules of hair follicles.
2. In active hair follicles, the external sheath is strongly and uniformly re-
active to the sulfhydryl reagent. In the internal sheath, Henle's layer is more
strongly reactive than Huxley's layer. The parakeratotic or "keratogenous"
region of the hair root is intensely reactive for sulfhydryl gronps. The distribu-
tion of disulfide groups in the external and internal sheath of the hair follicle is
similar to that of the sulfhydryl groups. The keratinized hair shaft is reactive for
disulfide groups.
3. In resting hair follicles the epithelial sac, which contains the hair club, is
moderately reactive for sulfhydryl groups but the club is almost unreactive.
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The keratinized rootlets of the club and the epidermal cells which anchor the
club form a strongly reactive band around it. In disuluide preparations, the hair
club and shaft are strongly reactive.
4. Both the secretory and ductual portions of the apocrine and eccrine sweat
glands are reactive to the sulfhydryl and disulfide reagents, the reaction being
particularly conspicuous in the myoepithelial cells.
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